The light-dependent quenching of the chlorophyll a fluorescence at room temperature by N-methylphenaziaum methyl sulfate (PMS) was investigated with isolated chloroplasts inhibited by 3-(3,4-dichlorophenyl)-1,1-dimethylurea. Other investigators have considered this quenching to be a consequence of the formation of a high energy membrane state related to photophosphorylation.
for the fluorescence quenching, but a large pH gradient across the membranes was not essential.
The yellow dye PMS2 is used widely in biochemical research as an artificial electron acceptor in enzymic oxidations, and as cofactor in electron transport-dependent ATP synthesis. In photosynthetic energy conservation during cyclic electron transport in photosystem I, PMS is assumed to be hydrogenated at the reductant site on the outer surface of the thylakoid membrane. After diffusing into the inner space of the thylakoid, the reduced form PMSH2 is reoxidized with a concomitant liberation of protons (9, 10) . PMS, therefore, is capable of transporting protons and electrons from the outside across the photosynthetic membrane into the inner thylakoid space (25) . Although involving only electron carriers in photosystem I, events of this kind have been shown to affect also the physicochemical properties of photosystem II as indicated, e.g., by the PMS-induced reversible quenching of chloroplast fluorescence at room temperature in actinic light (1, 8, (19) (20) (21) (22) (23) (6) .
The light-dependent quenching of the fluorescence from system II by PMS is generally attributed to structural changes resulting from a PMS-mediated energization of the thylakoid membrane by the energy conservation site of system I (19) (20) (21) (22) (23) .
PMS shares this action with other cofactors of photophosphorylation, notably DAD, the fluorescence-quenching property of which has been investigated in detail by Wraight and Crofts (26) . The same authors noted, however, that there are significant differences, at least quantitatively, between the effects of the two cofactors PMS and DAD. In a recent publication, Papageorgiou (22) has described that the PMS-induced changes of the fluorescence yield are rather complex and might have to be ascribed to a direct quenching by PMS itself, a quenching dependent on a high energy membrane state, and perhaps also to a quenching action of the reduced form PMSH2. These suggestions are supported by his observation that PMS as well as PMSH2 are fluorescence quenchers also for Chl in solution.
Addition of the electron transport inhibitor DCMU to chloroplasts prevents any influence of electron transfer events in system II on the chloroplast fluorescence yield at room temperature when the exciting light intensity is sufficiently high (17) . DCMUpoisoned chloroplasts have been used in most of the studies concerned with the control of the system II fluorescence yield by light-induced processes occurring in system I. With such inhibited chloroplasts, I have confirmed the quenching action of PMSH2 on the Chl fluorescence at room temperature, but have found no evidence for a significant contribution of this quenching mechanism to the light-dependent fluorescence lowering by PMS.
The experimental results described here suggest that PMS binds reversibly to the light-energized thylakoid membrane. In this respect, PMS may act like such other cationic dyes as neutral red (4, 5) and acridine derivatives (7, 18) . The latter compounds have been introduced by Kraayenhof (15) as fluorescent probes of the high energy state of photosynthetic membranes because their fluorescence emission is decreased as a consequence of electron transport-dependent energy conservation. The binding of PMS to the thylakoid membrane and the observed quenching of the chloroplast fluorescence appear to be brought about by the same light-induced condition of the thylakoid membrane, but are not causally related.
MATERIALS AND METHODS
Chloroplasts were isolated from leaves of field-grown pokeweed (Phytolacca americana L.). They were homogenized for 10 sec using a Waring Blendor and an ice-cold medium containing 400 mm sucrose, 25 mm Tricine-NaOH buffer, pH 7.3, 5 mM 387 KCI, and 5 mM MgCI2. The slurry was squeezed through cheesecloth, the chloroplasts were separated by centrifugation in a clinical centrifuge, washed once, and suspended in a medium identical to that used for grinding at a Chl concentration of approximately 0.5 mg/ml. They were stored in the dark at 0 C. Only 5 mm Tricine-NaOH buffer was present in the chloroplast suspension when experiments on pH effects were planned.
Unless otherwise stated, the reaction medium (total volume 3 ml) contained chloroplasts at a concentration of approximately 10 ,tg/ml in a medium identical to that used for the concentrated stock, but supplemented with 10 AM DCMU. To achieve different pH values of the reaction media, the following buffers were used at 50 mM: pH 5.5 and 6, MES-NaOH; pH 6.5 and 7, piperazine-N,N'-bis(2-ethane sulfonic acid)-NaOH; pH > 7, Tricine-NaOH.
Chloroplasts were incubated in the dark for at least 1 min after any addition to the reaction medium before the light was turned on, and this incubation was extended to 3 min when sucrose was introduced into a hypotonic medium. All reactions were run at room temperature (about 25 C).
Sonic treatments of chloroplasts were performed by subjecting a portion of chloroplast stock suspension at 0 C to 40% maximal sonic output of a Bronwill Biosonic III instrument.
The fluorescence was measured and recorded as described earlier (13) In these experiments no correction was necessary. Whenever a correction was applied, this is noted in the legend. Only the data of the spectra in Figure 1 X464 was kindly provided by Dr. R. L. Harned from the Commerical Solvents Corp., Terre Haute, Ind. Since the reported absorption coefficient for purified PMS (27) agreed well with that determined for my product purchased from Sigma Chemical Co., no further purification was attempted.
RESULTS
Light-induced Bleaching of PMS by Ifluminated Chloroplasts. In the course of my investigations on the light-dependent quenching of chloroplast fluorescence in the presence of PMS, I noted that the absorption peak of PMS at 388 nm was reversibly lowered when buffered solutions of this compound were illuminated with red light in the presence of DCMU poisoned chloroplasts ( Fig. 1 ). With concentrations of 20 to 40 uM PMS, the extent of this bleaching was approximately proportional to the amount of chloroplasts up to 20 ,ug total Chl/ml reaction medium. Since the kinetics of the bleaching, and of its reversal in the dark, resembled those of the fluorescence quenching and its dark recovery (Fig. 2) , I concluded that a relationship must exist between these two events.
PMSH2 lacks the absorption at 388 nm (27) . Consequently (3) . It also saturated at very high light intensities (Fig. 3) and was supported by far red light much better than the ferricyanide Hill reaction (Fig. 4) .
These results ruled out the possibility that electrons could be made available by the chloroplasts in sufficient amounts to account for an absorption decrease which often corresponded to a reduction of as much as 1 PMS molecule/2 Chl molecules (Fig.  1 ). Since the bleaching was not abolished by washing the chloroplasts with 500 ,UM ferricyanide during their preparation, a contamination of the suspension by exogenous reductants could be ruled out as being responsible for the formation of such large amounts of PMSH2.
Dell'Antone et al. (4, 5) have described how cationic dyes bind to energized mitochondrial membranes, thereby forming molecular stacks with lowered and shifted absorption bands. The bleaching of PMS by illuminated chloroplast thylakoids could conceivably be a related phenomenon. When the light is turned on, the methylphenazinium cations may bind to negative charges on the thylakoid surfaces which are made available by conformational changes of the membranes. The binding, and the associated absorption changes, should be fully reversible in the dark. According to this concept, the inhibitory action of ferricyanide on the bleaching (Table I ) could be explained with the ability of this agent to either oxidize the primary electron donor of system 1 (14) or to remove the light-produced negative charges from the primary acceptors. The result of such action could be followed as a slow reversal of the bleaching when small amounts of ferricyanide were added in the dark after a maximal bleaching had occurred (Fig. SA) .
It was reported above that uncouplers of photophosphorylation were only moderately effective in preventing the bleaching of PMS and the PMS-mediated quenching of chloroplast fluorescence in actinic light (Table I ). This finding was in contrast to the observation of Murata and Sugahara (21) No determination because gramicidin alone quenches fluorescence.
creased sensitivity to uncouplers after addition of ascorbate as was observed for the bleaching of PMS, but it was far less inhibited by ascorbate alone, and by phosphorylating conditions ( Fig. 6 ; Table II dependent decline of the fluorescence yield from its initial peak, but left the yield at a significantly lower level than that attained in the absence of PMS (Fig. 6 ). An addition of ferricyanide almost fully restored the fluorescence emission. The remaining deficit could be accounted for by a quenching action of ferricyanide itself.
Quenching as well as bleaching depended on the integrity of the thylakoid membranes. They were inhibited strongly by a 10-sec sonic treatment of the chloroplasts (Figs. 5C and 6A) . The same sensitivity to sonication was observed for the DAD-induced fluorescence quenching.
The pH dependence of the degree of fluorescence quenching (cf ref. 21) , and of the absorption decrease at 388 nm, is shown in Figure 7 . Typical was the sharp drop in both as the pH was decreased below 7. Between pH 7 and 8.5, the quenching remained unchanged, while the bleaching declined slightly. Included in the graph is the pH dependence of the rate constants for the dark reversal of the PMS bleaching. The time course of this process was approximately linear in a logarithmic plot, suggesting first order kinetics.
In Table III I have listed some rate constants of the reversal of the bleaching, and of the fluorescence lowering. The dark reversal of both events was slowed considerably in chloroplasts suspended in a hypotonic medium. Under these conditions, and at nonsaturating light intensities,the rateof the bleaching and the quenching was also diminished, whereas the extent of the bleaching, in particular, was significantly increased (not shown). Presumably, the rate of the conformational changes of the membrane was inhibited, whereas the number of available binding sites was increased. These fings with thylakoids swollen in a hypotonic environment argued against the possibility that the bleaching resulted from an uptake of PMS into the inner thylakoid space (12) , and subsequent interactions of the PMS molecules with each other. All effects of the hypotonic conditions were abolished upon restoration of a high osmolarity.
Other data in Table III reveal that the uncouplers methylamine and X464 did not significantly accelerate the reversals of The photochemically produced charges in system I of DCMUpoisoned chloroplasts recombine rapidly in the absence of either PMS or DAD (24) . In their presence, a direct recombination may be prevented due to electron transfer interactions which produce the semiquinoid forms of the cofactors. Related to such events may be the surprisingly large light-induced thylakoid potential which has been measured with microelectrodes in DCMU poisoned chloroplasts after addition of PMS (2). The ferricyanide-sensitive, but uncoupler-resistant drop of the initial fluorescence yield after addition of PMS or DAD could represent a direct quenching by the semiquinoid cofactors. This hypothesis is supported by Papageorgiou's observation that the semireduced PMS is a strong quencher of Chl fluorescence in vitro (22) .
I assume that after such a primary reaction of the cofactors with the photochemically charged membrane, a conformational change occurs which not only leads to the lowering of the fluorescence yield from system II, but also exposes free negative membrane charges to which the methylphenazonium cations can bind. The (25) .
A dissipation of the proton gradient by uncouplers should lead to a fast, cofactor-mediated turnover of charges in an illuminated system I, and to a disappearance of the conformational state attributable to an energization of the membrane. However, a utilization of the proton gradient in ATP synthesis may affect only the rate of cyclic electron transport. This may explain why, when an energized membrane maintained a proton gradient, the fluorescence lowering was highly sensitive to a presence of uncouplers, but not to phosphorylating conditions, while the bleaching of PMS was sensitive to both.
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